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1. Introduction {#sec1}
===============

The impact of a neural lesion extends beyond the site at which the lesion occurs ([@bib24]). Cognitive functions are supported through the integration of highly interconnected cortical and subcortical regions and, therefore, lesions to isolated network components can cause widespread dysfunction. As such, accounting for behavioural profile/impairment after stroke requires both the site of lesion as well as the functional status of remaining network components to be considered. In this study we investigate the relationship between stroke damage and the functional potential of wider neural regions in a group of individuals with chronic Wernicke\'s aphasia (WA) by exploring associations between structural lesion and residual cerebral blood flow (CBF). We further examine the relationship between these imaging profiles and neuropsychological impairment.

Within the first hours of an acute stroke, patients show regions of hypoperfusion, which often extend beyond the limits of the observable structural lesion ([@bib53]). This hypoperfusion can occur in the form of ischaemic penumbra, surrounding the area of core infarction ([@bib18]), or remote from the area of infarction, termed focal diaschisis ([@bib13], [@bib24]). Diaschisis most commonly occurs between cortical and subcortical regions; lesions to subcortical areas lead to cortical dysfunction and cortical lesions can lead to subcortical alterations ([@bib6], [@bib24], [@bib32], [@bib58]). Remote cortico--cortico hypoperfusion/hypometabolism is only rarely reported but is mostly transcallosal ([@bib2], [@bib13]). CBF supplies oxygen and glucose required for neuronal function and is associated with neuronal activity through neurovascular coupling ([@bib26]). Therefore, regional hypoperfusion indirectly indicates reduced functional capacity of associated neural tissue. These hypoperfusion patterns in the acute phase indicate that behavioural impairment emerges as a consequence of infarcted tissue and functional depression of intact tissue.

WA is an acquired language impairment which occurs at both the acute and chronic phases following lesions to the left posterior temporal lobe and inferior parietal lobe ([@bib55], [@bib67]). WA is characterised by severely impaired language comprehension and repetition in the context of fluent speech and relatively well preserved mobility. This impairment profile is underpinned by a spectrum of neuropsychological impairments including verbal short term memory ([@bib66]), acoustic ([@bib65]), phonological ([@bib3]) and semantic ([@bib15], [@bib21]) processing impairments. The WA comprehension impairment at the acute phase has been associated with hypoperfusion of the left posterior superior temporal and inferior parietal regions ([@bib33], [@bib40]) with re-perfusion of these regions leading to improvements of language comprehension ([@bib33]). At the chronic stage, *structural* imaging investigations have found similar relationships between structural lesion and language comprehension impairments of the WA type, specifically following lesions to mid-posterior middle temporal areas ([@bib22]).

Hypoperfusion investigations of WA at the chronic stage have not matched those undertaken at the acute phase. This may be because diaschisis and penumbral regions are frequently observed to re-perfuse or evolve to lesion ([@bib5], [@bib10], [@bib53], [@bib72], [@bib77]). There is, however, some limited evidence to suggest that hypoperfusion of structurally intact tissue can occur in chronic stroke ([@bib4], [@bib9], [@bib61]) and this has implications for understanding the mechanisms of recovery and source of impairments post-stroke.

In this study we investigated whether hypoperfusion of intact tissue, outside the lesion site, could be identified in chronic WA and explored the relationship between hypoperfusion and a range of neuropsychological symptoms observed in WA. Arterial spin labelling (ASL), a non-invasive measure of CBF, and structural T~1~-weighted MRI data were collected in a group of 12 individuals with chronic WA. Statistical analysis used joint independent component analysis (ICA). Joint ICA is a multivariate analysis which combines multiple imaging modalities, enabling patterns across modalities to be detected ([@bib1], [@bib11]). This analysis enabled the identification of regions of hypoperfusion statistically related to areas of structural lesion. Correlational analyses then investigated the relationship between CBF and lesion distribution and neuropsychological profile.

2. Materials and methods {#sec2}
========================

Ethical approval was provided by the North-West NRES committee, UK. Twelve individuals with Wernicke\'s aphasia (WA, two female) were recruited from local National Health Service Speech Therapy services. Thirteen age-matched controls (two female) with no neurological history were recruited from a panel of research volunteers ([Table 1](#tbl1){ref-type="table"}).Table 1Demographic information presented for WA and control participants.Table 1WAAgeSexTPOBDAE percentileControlAgeSexComprehensionRepetitionFluencyCH77M17 m4045100AM58MCW70M3 y4540100BH67MDL73M9 m3\<163BR76MDM75M16 m13\<157DW72MDMC67M10 m3\<147EC78FDR76M7 m2\<147GP78MEL61M15 m141075HE76MLB80F7 y5568KE52FLS66M10 m52570KW69MMC73F13 m101083ML66MNM59M11 m1710100NJ78MRD87M17 m10580PD60MTT61M[^1]

2.1. Neuropsychological assessment {#sec2.1}
----------------------------------

All stroke participants were in the chronic phase of their acquired aphasia (at least 7 months post onset, [Table 1](#tbl1){ref-type="table"}) following cerebral infarction. No clinical information was available regarding cardiovascular risk factors or stenosis. No participant with WA presented with pre-stroke decline and all individuals had displayed a degree of post-stroke recovery. Participants were screened with the Boston Diagnostic Aphasia Examination -- Short Form ([@bib28]) which confirmed diagnosis of WA ([Table 1](#tbl1){ref-type="table"}). The majority of individuals presented with severe single word auditory comprehension and repetition impairments. The presence of jargon in spontaneous speech was not a WA inclusion criterion for the current study. However, five of the twelve participants did present with jargon speech (DL, DM, DMC, DR and LS), these were the more severely impaired individuals (see [Table 2](#tbl2){ref-type="table"}). The remaining participants produced phonological non-word errors during neuropsychological testing and in discourse; however, spontaneous speech was not affected to a sufficient extent to be considered jargon. Further neuropsychological testing examined cognitive-semantic skills and phonological skills. Non-verbal semantic performance was assessed with the Pyramids and Palm Trees semantic association test (three-picture version) ([@bib36]). Additionally, the Raven\'s Coloured Progressive Matrices ([@bib60]), a test of non-verbal reasoning, was administered. Phonological skills were examined with 80-item reading and repetition tests from the PALPA battery ([@bib42]). A naming assessment from the Cambridge Semantic Battery ([@bib7]) was included and which requires both semantic and phonological processing. Neuropsychological assessment results are detailed in [Table 2](#tbl2){ref-type="table"} and in the results section. Overall, all individuals presented within the spectrum of WA but with a range of impairment severity on comprehension, production and semantic tasks.Table 2Neuropsychological assessment results.Table 2WACognitive-semantic tasksPhonological tasksNamingPPTRCPMReadingRepetitionMax. 52Max. 33Max. 80Max. 80Max. 64CH5031*192118*CW5229*443941*DL*32*22*1412*DM*40*24*100*DMC*39*23*100*DR*33*10*013*EL*36*27*271424*LB*42*21*14712*LS*34*21*051*MC*47*30*211620*NM5231*284328*RD5222*478*[^2]

2.2. WA lesion and CBF profiles {#sec2.2}
-------------------------------

Automated lesion delineation was performed on T1-weighted MRI scans using the Fuzzy Clustering method ([@bib71]). Lesions extended over the middle cerebral artery territory with peak overlap in the left mid-posterior superior and middle temporal lobe and inferior parietal lobe. Over the group, lesions extended outside these core regions into occipital, middle and anterior temporal, insular and inferior frontal areas (see [Fig. 1](#fig1){ref-type="fig"}A). The lesion pattern was mirrored by significant CBF reductions over the left hemisphere (see [Fig. 1](#fig1){ref-type="fig"}B). The average CBF to the left and right hemispheres was extracted from the pre-processed smoothed CBF maps in both the WA and control group using the MarsBar software ([@bib8]). The WA group displayed an average CBF of 29.3 ml/100 ml/min, SD. 7.1 ml/100 ml/min in the left hemisphere and an average of 39.1 ml/100 ml/min, SD. 6.2 ml/100 ml/min in the right hemisphere. The control group displayed an average CBF of 37.8 ml/100 ml/min, SD. 7.0 ml/100 ml/min in the left hemisphere and an average of 39.8 ml/100 ml/min, SD. 6.5 ml/100 ml/min in the right hemisphere. A 2 × 2 ANOVA exploring the effects of group and hemisphere on CBF found a significant main effect of group \[*F*~(1,44)~ = 5.1, *p* = .029\] due to significantly reduced CBF in the WA group compared to the controls, a main effect of hemisphere \[*F*~(1,44)~ = 9.0, *p* = .004\] due to less CBF to the left hemisphere in both the WA and the control group and a borderline hemisphere × group interaction \[*F*~(1,44)~ = 3.5, *p* = .067\] caused by a greater hemisphere CBF difference (left \< right) in the WA than the control group. In addition, we extracted the average CBF from both groups from left hemisphere regions which were not affected by lesion in any WA participant (WA: ave. CBF 31.5 ml/100 ml/min, SD. 7.5 ml/100 ml/min; Cont. ave CBF 37.0 ml/100 ml/min, SD. 6.8 ml/100 ml/min); despite not including any area of lesion, the difference between the groups displayed a borderline significant difference \[*t*~(23)~ = 1.9, *p* = .067\].Fig. 1Lesion overlap map, CBF map and jICA results for component six. *Panel A*: Lesion overlap map derived using the fuzzy clustering method ([@bib71]). Individual participants\' lesions were overlaid onto an MNI template brain using the MRIcron software. Map displays voxels in which lesion overlap occurred in a minimum of a third of the WA group. Axial slices are presented with MNI Z coordinate. *Panel B*: Cerebral Blood Flow map displaying the average CBF (ml/100 ml/min) in the WA group. *Panel C*: jICA result displaying component six. Map displays regions where presence of lesion (red) correlated with reduction in CBF (green). Overlapping areas of lesion and hypoperfusion are displayed in yellow.Fig. 1

2.3. Neuroimaging {#sec2.3}
-----------------

Structural T1-weighted images and ASL images were collected on a 3T Philips Achieva Scanner with an eight-element SENSE head coil. T1-weighted imaging used a 3D inversion recovery sequence to produce a 256 × 256 matrix of 128 transverse slices of 1 mm^3^ voxels. A multi-timepoint ASL sequence was used with STAR labelling ([@bib23]), gradient echo EPI readout and the following scan parameters: label thickness 150 mm; label gap 10 mm; TE 21 msec; TR 3000 msec; 4 delay times of 800, 1200, 1600, 2000 msec from label to start of readout; FOV 224 × 224 mm; matrix size 64 × 64; 20 slices of 5 mm thickness with 1 mm gap. Voxel size 3.5 × 3.5 × 6.0 mm^3^; 20 control/label pairs. Vascular crushing was enabled. An additional calibration scan with TR 10000 msec, no label, was taken to allow quantification. CBF and arterial arrival time (AAT) were calculated from the four time points. AAT is not of central interest in the study, but it is important to correct CBF estimates for regional alterations in AAT that are known to occur in stroke ([@bib45]).

2.4. Pre-processing {#sec2.4}
-------------------

T1-weighted and ASL CBF images were pre-processed with the SPM8 software (<http://www.fil.ion.ucl.ac.uk/spm/>) and Matlab2013a. T1-weighted images were co-registered and normalised to the SPM T1-weighted template, no lesion masking was used following the normalisation procedure detailed in [@bib16]. After normalisation, images were segmented in to grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF) maps. This segmentation procedure classifies areas of lesion as CSF, hereafter described as lesion maps. The ASL control/label images were aligned to the first image using the SPM "Align function". CBF maps were calculated from the mean ASL subtraction images using in-house software and the single-blood-compartment model described by [@bib56]. A global blood equilibrium magnetisation value was calculated from the calibration scan using voxels within a head mask derived from the T1-weighted image. The relaxation time of blood was fixed at 1600 msec ([@bib74]); the labelling efficiency at .9; the blood--brain partition coefficient at .9 ([@bib63]) and the bolus width at 1100 msec. The labelling efficiency and bolus width were taken from earlier unpublished studies using this sequence. Two-parameter fits for CBF were performed on a voxel-wise basis. If the fitted value for CBF was negative, it was set to zero; if greater than 250 ml/100 ml/min, it was set to 250 ml/100 ml/min. CBF maps were co-registered and normalised to the SPM8 EPI template. To account for differing volumes of different tissue types in the large ASL voxels, we carried out a partial volume correction on the CBF images. The partial volume correction calculation was carried out for each voxel independently. The CBF measured within the voxel was divided by the sum of probabilities of GM and WM within the voxel (i.e., total tissue), taken from the co-registered segmented T1w image. This correction factor was applied if GM probability + WM probability \>.1, as otherwise it can give an unacceptably large value for CBF. Finally, both the lesion and partial volume corrected CBF maps were smoothed with a 12 mm full-width half-maximum Gaussian filter. All the normalised and smoothed images were inspected visually to confirm that the pre-processing procedure had not resulted in image distortion.

2.5. Joint independent component analysis {#sec2.5}
-----------------------------------------

Independent component analysis (ICA) is a multivariate statistical method which enables the separation and identification of sources underlying complex observable data ([@bib75]). These sources, or components, are statistically independent and when linearly combined produce the best fit representation of the observable data. When applied to neuroimaging, ICA is able to extract the hidden spatiotemporal components within the data, thought to correspond to networks of functionally or structurally connected regions. Joint ICA (jICA) advances this procedure by allowing multiple modalities of data over multiple groups to be considered simultaneously ([@bib11]). This allows the shared information between different modalities to be examined ([@bib59]). Components extracted from a jICA indicate modality specific spatial patterns that carry similar covariance between participants across the modalities, i.e., where information in one modality correlates with information in another modality ([@bib1], [@bib30], [@bib73]). For each component each participant has an associated component mixing coefficient, and group comparisons can be made by linear inference statistics on these coefficients.

Joint ICA was employed in the current study in order to identify spatial patterns of CBF related to spatial patterns of lesion and where significant differences in these patterns occur between stroke and control groups. Joint ICA analysis was implemented using the Matlab Fusion ICA Toolbox (FIT; for further methodological details see: <http://icatb.sourceforge.net>). Images from the two imaging modalities, CBF and lesion, were entered into the analysis for both the WA and control groups alongside binary masks created from an average of the control images GM and WM maps. The analysis estimated and subsequently derived seven z-scaled components using the INFOMAX algorithm. For each component a two-tailed *t*-test was performed to compare each component\'s mixing matrix coefficients between the groups. Components of interest were those with a significant group difference of *p* \< .05.

3. Results {#sec3}
==========

3.1. Neuropsychological profile {#sec3.1}
-------------------------------

Participants with WA displayed consistent and severe impairments on neuropsychological tasks involving phonological processing: single word reading, single word repetition and picture naming ([Table 2](#tbl2){ref-type="table"}). On these tasks the error rate ranged from almost 100% in the more severely impaired participants (DM, DMC, DR) to approximately 45% in the least severely impaired participant (CH). All individuals displayed a large proportion of phonological errors with semantic, circumlocution and no response errors occurring less frequently. Two thirds of the WA participants displayed impairments in the visual semantic association task (three picture version of the Pyramids and Palm Trees test) and these individuals also displayed lower scores on non-verbal reasoning (Raven\'s Colour Progressive Matrices). These data are consistent with previous reports of the neuropsychological profile in WA (e.g., [@bib55]) and confirm a consistent contribution of phonological processing impairment with an additional contribution of semantic processing disruption in a large proportion of the population ([@bib66]).[1](#fn1){ref-type="fn"} This neuropsychological profile is consistent with the lesion distribution ([Fig. 1](#fig1){ref-type="fig"}), in which core lesion overlap occurs in auditory-phonological processing regions of the superior temporal and supramarginal gyri with less consistent but still high overlap in surrounding semantic processing regions such as the angular and middle temporal gyri.

3.2. Joint ICA {#sec3.2}
--------------

One of the seven jICA components extracted (component 6) was found to have significantly different mixing coefficients between the WA and control groups. [Fig. 2](#fig2){ref-type="fig"} displays component 6 loading parameters for participants in the WA and control groups.Fig. 2Component six mixing matrix loading. Figure displays participant loading for the WA and control groups on component Six.Fig. 2

Joint ICA results for component 6 are displayed in [Fig. 1](#fig1){ref-type="fig"}C. Component 6 was associated with a large area of lesion in the left posterior middle-superior temporal lobe, inferior parietal lobe and superior occipital lobe. This lesion pattern was commensurate with the core lesion, i.e., the areas of greatest lesion overlap in the WA group ([Fig. 1](#fig1){ref-type="fig"}A). The component captured lesion affecting the WM adjacent to the posterior lateral ventricle extending medially into the lateral dorsal nucleus region of the thalamus and laterally to impact neighbouring GM.

As expected, this pattern of lesion was associated with hypoperfusion in overlapping areas. However, lesion distribution showed greater medial involvement, whereas hypoperfusion was observed in a wider area of GM lateral to and surrounding the core area of lesion. Outside the immediate lesion area two regions of hypoperfusion were observed: (1) A small cluster of voxels in the right middle superior temporal gyrus, anterior to the auditory core and adjacent to the posterior insula and (2) part of the mid lateral cuneus of the left occipital lobe.

Six further jICA components were extracted over which no significant group difference occurred. These components identified regions of lesion associated with only one or two members of the WA group, therefore not reaching group level significance, e.g., frontal lobe lesion extension, as well as components associated with members of both group such as patterns of CBF overlapping with default mode network regions including the posterior cingulate cortex and medial frontal lobe.

3.3. Associations with behaviour {#sec3.3}
--------------------------------

Partial correlations, accounting for time post onset, were performed to identify associations between the mixing coefficient loading of component six and the non-verbal reasoning, semantic, phonological and naming neuropsychological assessment in the WA group. Significant positive correlations were observed between component loading and the phonological assessments (reading and repetition), naming assessment and the semantic association Pyramids and Palm Trees test (repetition, *r*^2^ = .677, *p* = .022; reading aloud *r*^2^ = .683, *p* = .021; naming *r*^2^ = .703, *p* = .016; PPT *r*^2^ = .649, *p* = .031). The mixing coefficient loading for component six was negative for all members of the WA group and positive for all control group members. The correlations indicated that the *less* negative the WA participants or the more "control-like" in loading, the greater accuracy in behavioural assessment.

Although the jICA revealed hypoperfusion beyond the core lesion ([Fig. 1](#fig1){ref-type="fig"}B), visual inspection of individual lesion maps ([Fig. 1](#fig1){ref-type="fig"}A) indicated that lesions overlapped with this area of extended hypoperfusion, to some extent, in a subset of cases. To investigate whether hypoperfusion in this region made an independent contribution to behavioural impairment, ROI analyses were performed. An ROI was derived from the jICA region of extended hypoperfusion ([Fig. 1](#fig1){ref-type="fig"}C). Using the MarsBaR toolbox ([@bib8]), average CBF (ml/100 ml/min) and lesion (probability of CSF in CSF segmented images) values over the ROI were extracted from unsmoothed images in the WA group. Partial correlations found significant relationships between the neuropsychological results and CBF but not lesion data ([Fig. 3](#fig3){ref-type="fig"}). Independent *t*-tests using the Fisher-transformation correlation coefficient values indicated significantly different correlation coefficients between each CBF-lesion correlation pair (repetition: CBF *r*^2^ = .865, *p* = .001, lesion *r*^2^ = −.13, *p* = .97; reading CBF *r*^2^ = .874, *p* ≤ .001, lesion *r*^2^ = −.167, *p* = .62; naming CBF *r*^2^ = .931, *p* ≤ .001 lesion *r*^2^ = −.091 *p* = .79; PPT CBF *r*^2^ = .75, *p* = .009, lesion *r*^2^ = −.131, *p* = .70). To support this analysis lesion volume within the ROI was calculated. Lesion volume was taken as the number of voxels of the binary lesion data from the [@bib71] automated lesion detection protocol, see above. Within ROI lesion volume was then used as a covariate in partial correlations between CBF and neuropsychological data. All correlations remained significant, with a minimum effect size of *r*^2^ \> .62. To confirm that these strong correlations were not driven by outliers, the two participants with the greatest residual CBF within the ROI were removed and the initial partial correlations were re-run. Strong effect sizes remained for all correlations (*r*^2^ \> .63) with correlations remaining significant for naming and repetition. Taken together, these correlation ROI analyses indicated that CBF but not lesion in the region surrounding the core lesion showed a systematic relationship with impairment, with greater CBF corresponding to more preserved performance.Fig. 3Perilesional CBF correlations with neuropsychological results. Scatter plots displaying relationship between CBF (ml/100 ml/min) surrounding core area of lesion and neuropsychological test data. Partial correlation coefficients displayed.Fig. 3

4. Discussion {#sec4}
=============

This study investigated patterns of hypoperfusion associated with chronic temporoparietal lesions and WA. A joint independent component analysis (jICA) was used to identify areas where voxels in resting-state ASL CBF images co-varied significantly with voxels from CSF maps, used as a proxy for lesion, and differed significantly from control participants. Correlations with neuropsychological assessments were then performed to investigate how patterns of structural damage and hypoperfusion related to behavioural language impairment. The results found hypoperfusion extending into perilesional areas which, along with the core structural lesion, was associated with aspects of the language impairment. Follow-up correlations indicated that, outside the area of core lesion, hypoperfusion but not lesion was systematically related to behavioural neuropsychological impairment.

The jICA identified a single component for which there was no numerical overlap in mixing coefficient loading between WA and control groups. This component captured a large area of structural lesion in the left temporoparietal region as well as hypoperfusion in overlapping areas. In addition, extensive hypoperfusion was observed perilesionally, in grey matter lateral, anterior and posterior to the core lesion which primarily affected white matter areas. This indicates that these grey matter regions, although not suffering macrostructural damage, are likely to be functionally limited ([@bib27]) or suffering microstructural damage. The average rCBF in this "perilesional" region in the WA group was 25.7 ml/100 ml/min (SD 12.3 ml/100 ml/min), significantly lower \[*t*~(21)~ = 5.95, *p* \< .001\] than the average rCBF in the control group, 61.8 ml/100 ml/min (SD 15.9 ml/100 ml/min). Neuronal tissue will die if CBF falls below approximately 20 ml/100 ml/min ([@bib41]). Although the WA group as a whole displayed CBF above this level, a number of individuals displayed CBF below this cut-off ([Fig. 3](#fig3){ref-type="fig"}), reflecting the extension of infarction into this region in a subset of participants. Most individuals with WA displayed CBF values within the functional range in this perilesional zone but below that of the controls indicating reduced neuronal function of residual tissue. However, caution must be taken in interpretation of absolute CBF estimates from ASL data due to uncertainty in some of the assumed global variables such as T~1~ of blood.

The cause of this perilesional hypoperfusion is unclear. It may represent an area of penumbra which has not undergone re-perfusion or evolution to lesion, as typically observed in the acute-subacute phase ([@bib10], [@bib53]). Alternatively, it is credible that the perilesional hypoperfusion observed here has evolved separately following the acute phase through a diaschisis-type mechanism and represents a form of focal diaschisis ([@bib13]). Under this hypothesis hypoperfusion results from a reduction of coordinated synaptic function because of disconnection and reduced afferent input ([@bib24]). Although acute phase cortico-subcortical diaschisis is common ([@bib6], [@bib13]), lesion-remote cortico--cortico hypoperfusion has been shown to develop over time in humans following stroke ([@bib37], [@bib38]). This functional loss could a consequence of numerous neurobiological processes such as Wallerian-like, retrograde or transynaptic degeneration ([@bib38]).

In contrast to the identification of hypoperfusion in intact grey matter regions, this study also identified regions of structural lesion that were not statistically associated with perfusion changes. These were the most medial regions, adjacent to the lateral ventricle. This pattern is likely to be accounted for by reduced microvascular density (and reduced regional CBF) in white matter in comparison to grey matter ([@bib39]) and the reduced signal-to-noise ratio of the ASL signal in white matter regions ([@bib25]). This could have led to WM hypoperfusion being missed in the ASL analysis and, therefore, perfusion differences between WA and controls in WM regions not being identified as significant in the jICA statistical analysis. As such, the finding of lesion without corresponding hypoperfusion in the jICA analysis is likely to be an artefact of the ASL method. The perilesional and remote hypoperfusion, see below, identified may have implications for recovery. Although most individuals with acute WA display a strong recovery ([@bib57]), WA that persists into the chronic stage is difficult to treat. Although therapeutic input can induce improvement in isolated aspects of the comprehension system (e.g., phonological perception), these improvements often do not generalise to improve comprehension as a whole ([@bib52], [@bib81]) except in isolated cases ([@bib76]). The current group of WA participants were not receiving speech and language therapy at the time of participation but had received treatment prior to their involvement. Strong spontaneous recovery in WA has been associated with enhanced functional activation in right superior temporal regions ([@bib43], [@bib79]), an area suffering from hypoperfusion in the current group of participants. The hypoperfusion identified in the current study may indicate reduced capacity to engage in local neuroplastic reorganisation processes, potentially contributing to the limited recovery of aphasia symptoms.

The finding of functionally depressed tissue outside the area of core lesion has implications for accounting for the range of neuropsychological impairments observed in WA. Indeed, this study found a relationship between the lesion/hypoperfusion and behavioural impairment. Correlation analyses found that the more "control-like" the WA participants were in their jICA mixing matrix coefficient loading, the better their performance on neuropsychological assessment. Specifically, the greater the perfusion and the less lesion in the identified regions ([Fig. 1](#fig1){ref-type="fig"}C) was associated with better naming, reading, repetition and semantic association. This pattern of correlations is interpretable within current neurobiological models of language. The posterior temporal lobe, inferior parietal lobe and temporoparietal occipital junction contain important components of both the phonological network (required for reading, repetition and naming tasks) and the semantic network (required for semantic association and naming tasks). Phonological identification and encoding processes take advantage of the high structural connectivity between auditory and motor regions in the superior temporal and inferior parietal lobe ([@bib78]), the dorsal language stream. Functional imaging shows consistent activation within this stream during phonological tasks and TMS to the same regions disrupts performance in neurologically normal populations ([@bib31]). The semantic network, while extensive and highly distributed, has components in the left middle temporal lobe and angular gyrus. These areas also respond during functional imaging of semantic processing tasks ([@bib54], [@bib70]), with TMS to these regions impairing performance ([@bib34], [@bib80]).

Previous lesion-symptom mapping investigations have found similar brain--behaviour relationships to the current study. For example, semantic errors in naming have been associated with lesion in middle temporal regions ([@bib69]) whereas phonological errors are associated with lesions to inferior parietal and dorsal stream regions ([@bib68]). However, the current study extended these findings by exploring the relationship between CBF surrounding the core lesion and behavioural impairment. Correlation analyses found a highly significant relationship between perilesional CBF which was not found for CSF/lesion data in the same region. These results indicated that perilesional hypoperfusion makes an independent contribution to behavioural performance post stroke over-and-above the structural lesion. However, the lesion symptom mapping approach may inherently capture the CBF-neuropsychology relationships uncovered in the current study, although without explicit visualisation. The WA group was highly homogeneous in that all participants displayed lesions which affected the white matter of the middle-superior temporal lobe or inferior parietal cortex to some degree. It is possible that lesions to this region inevitably lead to reductions in temporoparietal grey matter CBF over the long-term post stroke. As such, the CBF correlations in the present study may represent behaviourally-relevant aspects of lesion and correlations in lesion-symptom mapping methods may capture behaviourally-relevant aspects of CBF.

Although the current data broadly converge with lesion-symptom mapping and neuroimaging evidence, it is important to note that the current study does not aim to identify specific brain--behaviour relationships, rather to investigate the wider relationship between lesion, hypoperfusion and behaviour. Mass univariate lesion-symptom mapping approaches suffer from spatial distortion as a consequence of lesion profiles biased by the constraints of the vascular architecture ([@bib47]). The current study used a multivariate approach designed to identify lesion--hypoperfusion relationships independent of the degree of overlapping damage. However, spatial bias has been reintroduced to this study through the selection of participants with highly overlapping lesion profiles and, as such, this study should not be considered a robust investigation of the neural source of a particular impairment.

The correlations between CBF and neuropsychology scores observed in the ROI analysis were particularly strong. This is likely to be a result of the stringent participant selection criteria employed in this study, where a small number of participants were recruited based on narrowly defined behavioural characteristics. The participants in this study all conformed to the classical definition of WA and displayed qualitatively similar impairment patterns in conversation but with a range of severities. This indicates that the results from the current study may be generalizable within classical WA, however the robustness of the CBF and behavioural relationships may breakdown if more diverse patient populations are explored. A further contribution to the correlation strength could have emerged from age-related reorganisation. Occipito-temporo-parietal regions are through to be particularly vulnerable to neuroanatomical and functional decline in ageing ([@bib19]). Functional imaging has found reduced activation during a range of cognitive tasks in elderly participants in comparison to younger participants ([@bib29], [@bib46], [@bib50]), including temporal and parietal regions affected by hypoperfusion in the current study.

Evidence for hypoperfusion remote from but causally connected to the lesion, i.e., perfusion changes consistent with the definition of remote focal diaschisis, appeared limited. Only two small regions of hypoperfusion were observed at the group level, the largest in the left cuneus and a small cluster in right mid superior temporal gyrus. The jICA technique identifies regions of consistent lesion-hypoperfusion associations across the group. At the participant level individual patterns of remote hypoperfusion may be present. In the current study the regions of remote hypoperfusion appear limited, however, comparison of neuroimaging techniques in animal models suggest that observed alterations in cerebral perfusion are an underestimation of metabolic changes which, in turn, significantly underestimate alterations in underlying electrical activity ([@bib12], [@bib27]). Therefore, even the limited reduction in cerebral perfusion observed in the current study may reflect considerably reduced neuronal activity.

If we are to consider these results as evidence of cortico--cortico focal diaschisis it raises further important questions about why these particular regions were affected and whether replication would reveal a similar pattern of remote hypoperfusion. While there is previous evidence for remote hypometabolism in WA, this been identified in pre-frontal regions ([@bib49]), a pattern not identified in these results. However, evidence exists for structural connectivity, via the inferior fronto-occipital fasciculus, between the area of lesion and the hypoperfused cuneus region identified in the current study ([@bib48]). Similarly, the right superior temporal gyrus is connected to the core lesion via the corpus callosum. However the lesion area also has strong interconnectivity with other cortical areas, including inferior frontal and inferior temporal regions ([@bib14]), in which no hypoperfusion effect was detected. Therefore, hypoperfusion as a result of white matter structural disconnection is only speculative at this point. Further investigation should include tractography evidence to investigate the association between remote hypoperfusion and structural connectivity to the area of lesion. Secondly, of the two remote regions of hypoperfusion, only hypoperfusion in the right mid-superior temporal gyrus can be easily associated with the behavioural impairment in WA. Superior temporal regions, bilaterally, are involved in processing auditory stimuli, a cognitive skill which is consistently found to be impaired in individuals with WA ([@bib64]). The affected cuneus region plays a role in low and high level visual processing, a well preserved skill in classical WA ([@bib66]).

One important consideration is that the ASL data were collected during rest. During functioning, the patterns of relative network activation or deactivation are likely to be considerably more complex. Remote diaschisis may be more evident during function, where reduced or absent activity from the area of lesion leads to reduced input/modulation of functionally connected network components. This pattern has been observed in aphasia and termed dynamic diaschisis ([@bib58]). However, it is more common to observe lesion-remote activation increases during task-based functional imaging in aphasia. This pattern was observed in the same group of aphasia participants as in the current study during a functional MRI experiment. During two visual semantic tasks, WA participants were found to have increased and more extensive activation in comparison to control participants in bilateral ventral temporal lobe regions ([@bib67]). The combination of results from this previous study and the current study indicate that, in the same patient group, it is possible to observe both extra-lesional diaschisis and remote functional up-regulation. These results support other functional imaging work in aphasia in indicating that the complex patterns of behaviour cannot be explained by structural lesion alone, but rather a combination of lesion and alterations to network dynamics.

Finally, one methodological consideration important for the interpretation of the current results is the method used to identify lesion. In the current study, masked and segmented CSF maps were used to estimate the probability of lesion in a given region. In the acute phase, T1-weighted MRI imaging is not suitable for identifying lesions as the pathological processes inducing T1-w signal change take time to develop ([@bib20]). However, in the chronic phase T1-weighted imaging is the most commonly used research tool for identifying stroke lesions ([@bib62]) and is advantageous in that it provides high resolution which facilitates normalisation enabling accurate lesion location to be identified. However, it is T2-weighted imaging that is considered the best approach for identifying lesion volume following the acute phase post-stroke ([@bib20]). Imaging sequences have different sensitivities; T1-weighted MRI, for example, has reduced sensitivity to white matter changes in comparison to FLAIR ([@bib17]) and areas of lesion can display similar intensities to non-lesioned tissue ([@bib35]). Such factors may have led to an underestimate to the lesion in the current study and, therefore, an overestimate of the perilesional lesion-CBF mismatch. Combining multiple imaging modalities can improve the sensitivity of structural lesion delineation ([@bib44], [@bib51]) and should be considered for future investigations of structural damage and hypoperfusion in chronic stroke.

5. Conclusion {#sec5}
=============

This study used a data-driven statistical method to identify regions of hypoperfusion associated with structural lesion in chronic WA. Strong evidence was observed for functionally compromised but structurally intact grey matter regions surrounding the lesion. Additional regions of remote cortical hypoperfusion were also identified which may be indicative of reduced resting-state functional activation in these patients in comparison with a control population. This study indicates that reduced peri-lesional grey matter function may develop secondary to deep middle-superior temporal white matter lesions and contribute to the behavioural impairments in chronic WA.
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Note that 4 WA participants in the current study also participated in [@bib66] which may artificially enhance the consistency between these studies.

[^1]: BDAE = Boston Diagnostic Aphasia Examination -- Short Form ([@bib28]). BDAE criteria for WA is comprehension \<47th centile, repetition \<60th centile and fluency \>45th centile. TPO = time post onset.

[^2]: PPT = Three picture version of the Pyramids and Palm Trees Test ([@bib36]), a visual semantic association task. RCPM = Raven\'s Coloured Progressive Matrices ([@bib60]), a non-verbal reasoning task. Reading and repetition tasks are taken from the Psycholinguistic Assessment of Language Processing in Aphasia (PALPA: [@bib42]), Naming assessment was taken from the Cambridge Sematic Battery ([@bib7]). *Italicised* result indicates participant outside normal limits. No normal cut-off data are available for RCPM.
